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Abstract 

Experimental  data  on  the  errors  Introduced  in 
wall  shear  stress  measurements  whan  flush-mounted 
hot -Tile  sensors  are  not  properly  poaitioned  in 
relation  to  the  test  surface  are  presented.  These 
data  lead  to  the  establishment  of  acceptable 
tolerance  Halts  when  positioning  sensors  in  a 
calibration  facility  and  also  in  the  subsequent 
relocation  of  the  sensor  to  where  actual 
aaaaureaents  are  to  be  taken.  Consideration  is 
given  not  only  to  errors  in  aean  values  of  wall 
shear  stress,  but  also  to  IMS  and  instantaneous 
values.  Results  show  that  the  hot- file  sensor  must 
be  poaitioned  within  close  tolerances  for  accurate 
shear  stress  measurements.  Even  though  all  testing 
was  conducted  on  a  5  cm  diameter  pipe  with  fully 
developed  turbulent  flow,  results  are  also 
applicable  to  other  flows  such  as  that  ovsr  flat 
plates  and  in  pipes  of  larger  diameters. 


/ 
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Nomenclature 


E  mean  voltage 

^RMS  RMS  Voltage 

1  streamwise  length  of  hot- film 

Pr  Prandtl  number 

dp/dx  pressure  drop 

R  pipe  radiua 

y  distance  from  wall 

y (5)  height  of  viscous  sublayer  it  y*  j  5 

y_  Law  of  the  wall  distance  variable 

Tm  mean  wall  shear  stress 

IT  mean  velocity  acroaa  pipe 

Ur  mean  centerline  velocity 

U*  friction  velocity 

V  kinematic  viscosity 


I.  Introduction 


Some  of  the  earliest  investigations  using 
flush-mounted  hot-film  sensors,  similar  to  the  type 
commercially  available  today,  ware  in  the 
measurement  of  mean  wall  shear  strsss  (skin 
friction)  in  the  laminar  and  turbulent  regimes  of 
both  Internal  and  external  flows,  Sellhouse  & 
Schultz  in  1964  (D  and  Brown  in  1967(2). 

Subsequent  to  these  studies,  many  Investigators 
extended  the  application  to  numerous  areas  of 
experimental  fluid  mechanics.  Same  of  the  more 
recent  studies  include  the  measurement  of 
instantaneous  wall  shear  stress  in  transient, 
pulsating  flows,  Ramaprian  and  Tu(3),  and 
investigations  of  the  near-wall  bursting  phenomena 
associated  with  turbulent  boundary  layers.  Chambers 
et  el'*). 

Throughout  that  time,  others  developed 
calibration  procedures  for  the  accurate 
determination  of  sensor  transfer  function 


(calibration  curve).  Geramia(S)  showed  that 
sensors  calibrated  in  fully  developed  pipe  flows, 
using  differential  pressure  measurements  to 
determine  mean  wall  shear  stress,  could  be 
transferred  to  other  flows  such  as  that  over  a  flat 
plats  and  still  maintain  their  accuracy. 

Sandbom'6'  developed  a  method  whereby  the 
non-linearity  of  tha  sensor  transfer  function  could 
be  accosted  for  when  calibrating  sensors  in 
turbulent  flows  rftere  large  fluctuations  in  wall 
shear  stress  were  present. 

Unfortunately,  little  information  is  available 
on  tha  error  induced  in  the  wall  shear  measurements 
ss  a  consequence  of  the  probe  not  being  mounted 
flush  with  the  surface.  Bellhouse  6  Schultz'1' 
have  stated  that  no  errors  were  introduced  in  the 
mean  output  of  flush-mounted  hot-film  senaors  when 
raised  or  lowered  0.0762  am  from  the  flueh  position 
in  a  direction  perpendicular  to  the  surface  of  a 
flat  plate.  However,  no  potentially  important 
characteristics  of  the  flow  (such  aa  the  height  of 
the  viscous  sublayer  in  relation  to  sensor 
protrusion  into  the  flow)  were  given.  Since  under 
many  operating  conditions  a  linear  relationship 
between  sensor  heat  transfer  and7’w1/,J  1S  assumed 
to  hold  for  laminar  flowe  and  turbulent  flows  when 
the  thermal  boundary  layer  is  much  thinner  than  the 
viscous  sublayer  (linear  portion  of  velocity 
profile),  correlations  with  such  information  are 
desirable. 

This  paper  presents  experimental  data  on  the 
errors  in  wall  shear  stress  measurements  that 
result  when  flush-mounted  hot- film  sensors  are  not 
properly  positioned  in  relation  to  the  surface. 
These  data  lead  to  the  establishment  of  acceptable 
tolerance  limits  when  positioning  sensors  in  a 
calibration  facility  and  also  in  the  subsequent 
relocation  of  the  sensor  to  where  actual 
measurements  are  to  be  taken.  Conaideration  is 
given  not  only  to  errors  in  mean  values  of  wall 
shear  stress,  but  also  to  RMS  and  instantaneous 
values. 


II.  Approach 

A  commercially  available  flush-mounted  hot-film 
sensor  was  calibrated  in  water  at  various  sensor 
radial  mounting  positions  relative  to  the  inner 
wall  of  a  5  cm  diameter  cylindrical  test  section. 
The  sensor,  aa  commercially  available,  consisted  of 
s  quartz-coated  0.127  mm  long  (streamwise 
direction)  by  1.00  mm  wide  (spanwise  direction) 
platinum  film  mounted  flush  in  the  end  surface  of  a 
cylindrical  quartz  rod  encapsulated  in  a  stainless 
steel  cylindrical  shell.  The  overall  sensor 
diaaieter  was  7.175  mm  and  the  sensor  surface  was 
smooth  and  flush  to  within  0.0254  mm.  This 
particular  sensor  was  chosen  since:  (1)  the 
diameter  is  rather  large  and  therefore  should  have 
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greater  mounting  trrer  than  aaallar  sensors,  and 
2)  tha  aanaor  ia  complete  in  itself  and  suitable 

for  iaaediate  gaa  aa  ia. 

Taata  were  conductad  in  a  water  flow  facility 
having  a  5  ca  diameter  cylindrical  taat  faction  and 
a  maxlmue  flow  rata  of  0.012  eVaac.  Tha  axial 
location  of  tha  hot-fila  aanaor  waa  in  tha  fully 
developed  flow  portion  of  tha  teat  aaction.  All 
taata  ware  conducted  in  the  turbulent  flow  regime. 

Tha  hot-fila  aanaor  was  conaidarad  to  ba  fluah- 
aountad  whan  tha  apanwiaa  canter  of  tha  aanaor  waa 
flueh  with  tha  inoar  wall  of  tha  taat  section  aa 
ahown  in  figure  1.  Thla  reaulted  in  tha  apanwiaa 
adgaa  of  tha  aanaor  aurface  being  raeaaaad  into  tha 
wall  by  0.09  aa.  However,  since  tha  platinua  file 
itaalf  waa  only  1.0  aa  wide  in  ita  apanwiaa  extant, 
ita  adgaa  ware  raeaaaad  by  only  0.009  aa  froa  tha 
pipe  redlue.  Tha  aanaor  waa  located  8  ca  upatreaa 
of  a  flanged  connection  ao  aa  to  allow  aaay 
verification  of  the  flueh  poaition.  Other  aanaor 
poeitlone,  whether  raeaaaad  (into  tha  wall)  or 
protruded  (into  tha  flow),  ware  aeaaured  externally 
with  a  dial  indicator  uaing  tha  flueh  poaition  aa  a 
reference.  Positioning  accuracy  waa  eatiaatad  to 
ba  *0.0079  am. 

for  each  radial  poaition  of  tha  hot-fila 
aanaor,  a  calibration  waa  conductad  over  a 
eubatantlal  flow  range  or  shear  stress  range.  At 
each  calibration  flow  rate,  voltage  output  froa  tha 
hot-fila  aneeoaetsr  waa  digitized  at  a  rata  of  20 
Hz  over  a  2.9  ainute  period  and  stored  on  a  digital 
coaputer.  Mean  and  RMS  values  wars  subsequently 
coaputed. 

In  addition,  aaan  wall  shear  stress  at  each 
flow  rata  was  obtained  by  aaasurlng  the 
differential  pressure  between  two  pressure  taps 
located  199.2  ca  apart  in  tha  vicinity  of  tha 
hot-fila  aanaor.  Tha  following  relation  waa 
applied: 
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Flush  Mounting  Position  For  Hot-Film 
Stnsor. 
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Depending  on  the  actual  differential  praaauro, 
one  of  several  differential  pressure  transducers 
covering  various  ranges  waa  utilized  to  obtain 
increased  accuracy.  Transducer  output  was 
aonitored  on  an  intagrating  vol taster.  Accuracy 
for  tha  aaaaureaant  of  aaan  wall  shear  stress  was 
eatiaatad  at  *1.0*. 

During  several  of  tha  calibrations,  a  Laser 
Doppler  Velociaater  was  used  to  aaaaure  centerline 
velocity  in  tha  test  section  vs  wall  shear  stress. 
Tha  resulting  curve  agreed  well  with  that  obtained 
froa  the  Moody  chart  whan  the  relations ) 


Ur  *  U 


4.07U. 


(2) 


was  used  to  calculate  tha  corresponding  canterline 
velocities  for  the  overage  cross-sectional 
velocities  of  the  Moody  chart. 


III.  Results 


Tests  were  conducted  with  the  hot-fila  sensor 
counted  in  the  flush  position  and  at  recessed  and 
protruded  radial  positions  or  0.0294,  0.0908, 
0.0762,  0.127,  and  0.1778  aa  froa  the  flush 
position.  Each  calibration  covered  a  wall  ahear 
streaa  range  of  0.26  to  64  Pascal,  corresponding  to 
centerline  velocities  of  0.240  to  6.70  a/a  and 
centerline  Reynolds  Nuabers  froa  1.2  X  104  to  3.3  X 
10s. 

for  each  data  point  of  the  calibrations^  values 
of  aaan  voltage  (P),  aaan  voltage  squared  X*),  and 
RMS  voltage  (tauc)  ware  calculated  froa  the 
digitized  hot- film  aneeoaetsr  data  along  with 
calculations  of  aaan  wall  shear  stress  froa  the 
differential  pressure  aeaaureaents.  Calibrations 
in  tha  flush  position  wars  conducted  at  the 
beginning  and  end  of  the  receased  tests  and  the 
protruded  tests.  Tha  resulting  good  agreeaent 
verified  that  the  sensor  calibration  curve  hed  not 
changed  during  the  test  prograa  as  a  result  of 
contaaination  of  tha  hot-fila  seneor.  Teaperature 
variations  over  the  calibrations  wars  negligible. 

Oats  for  the  recessed  count inq  tests  are  ahown 
in  figures  2  and  3  for  P*  ve  and  va 

7y  '3,  respectively.  It  should  be  noted  in  these 
and  all  subsequent  figures  that  an  upper  scale  has 
bean  included.  This  scale  ehows  values  of  distance 
froa  the  wall  y(5)  in  aa  which  correaponds  to  the 
point  at  which  tha  law-of-the  wall  variable  y*  is 
equal  to  3,  tha  aasuaed  edge  of  the  viscoue  sub¬ 
layer  or  linear  portion  of  the  velocity  profile. 

figure  2  shows  that  the  calibration  curves  for 
the  flush- counted  teats. were  linear  for  the 
relatively  large  range  teeted.  Brown’)  suggested 
that  this  linear  relationship  would  hold  in 
turbulent  flows  aa  long  aa  the  thermal  boundary 
layer  was  smaller  than  the  viscous  sublayer  or 


u*l  <  64Pr 

which  is  based  on  a  viscous  sublayer  height  of  y 
12.  for  the  present  set  of  experiments,  this 
corresponds  to 
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fig.  2  Calibration*  At  Racaaaad  Mounting 
foal t Iona. 


23  (fa)  1/*.  (4) 

Tha  corresponding  critarlon  for  a  viacoua 
sublayer  height  of  y  »  5  la 

u.  1  <  3.4  fr 

v  (5)  * 

•bleb  give* 

Fw1/3  <  A  (fa) 1/3  (4) 

for  tba  praaant  exparlaenta.  Since  avan  tha  aor* 

•tr logon t  latter  criterion  la  aat  for  tba  fluah- 
aountad  calibration*  praaontad  hare,  tha  curve* 
are,  aa  expected,  linear. 

Aa  shown  in  figure*  2  and  3,  negligible  dif¬ 
ferent*  fro*  tha  fluab  caaa  «aa  observed  aa  a 
raault  of  rocaaalng  tha  aanaor  9.0234  aa  Into  tha 
•all.  Wien  tha  aanaor  waa  racaaaad  0.0308  aa. 
nagliglbl*  error  yaa  abaarvad  for  tba  lower  ahaar 
atraoa  rang*  2.4fal/^  (y(3)  >  .042  aa). 

for  larger  valuaa  of  abaar  atraaa,  tba  calibration 
curve  raaalnad  linear,  but  had  an  incraaaa  in  It* 
el  op*.  Error*  in  to  48  and  in  %  of  128 

are  aeon.  Vary  large  error*  ear*  abaarvad  in  tha 
tbraa  curve*  for  tha  0.0742  to  0.1778  a*  racaaaad 
taata.  Error*  in  Twl/Jo f  up  to  238  aor*  abaarvad 
for  a  race**  of  0.0742  a  «td  to  JOS  for  a  0.127 
aa  racaaa.  Corraapondlng  error*  in  rw  era  838  and 
2308,  raapactlvaly.  In  addition,  tha  curve*  bee  mm 
contlnuoualy  aor*  non- linear  aa  the  racaaa  depth 
•aa  increased  bayond  0.0308  a*.  Large 
non-linearity  aa  evidenced  her*  la  conaidared 
unacceptable. 

figure  3,  E^g/C  va  rw^3,  above  tha  effect  of 
tha  dieturbancasganaratad  by  the  cavity  aa  the 
aanaor  la  racaaaad  bayond  0.0308  aa.  Thie 
dlaturbanc*  roaulta  in  an  incraaaa  of  th*  apparent 
•all  abaar  atraaa  fluctuation*.  Difference*  in 


fig.  3  RMS  Valuaa  At  Racaaaad  Mounting 
foaltlono. 


E|gg/€  bat  Mean  tba  fluab  poaltlon  and  tha  0.0742  aa 
racaaa  uar*  up  to  188,  end  they  approached  1008 
for  tba  0.127  aa  racaaa.  It  ahould  be  noted, 
however,  that  tha  valuaa  of  Erms/^  for  tha  fluab 
poaltlon  eore  relatively  saall( approxlaately  38), 
•bile  thoaa  for  tha  aarat  caaa,  the  0.1778  aa 
racaaa,  vara  only  3.78  aaxiaua.  Coaparing  figure* 

2  and  3,  however,  it  ia  obvloua  that  theaa  induced 
fluctuation*  have  a  direct  influence  on  the  vs 
fwi/Jeurvaa  since  error*  in  thaaa  curve*  follow  tha 
cnaiga  in  apparent  E^/f. 

Sanaor*  racaaaad  up  to  0.0308  aa  produced 
nagliglbl*  incraaaa*  in  apparent  wall  ahaar  atraaa 
fluctuation*.  Sine*  the  calibration  curve  alao  did 
not  change  whan  tha  aanaor  aa*  racaaaad  0.0234  aa, 
it  la  believed  that  accurate  inatantanaoua  ahaar 
atraaa  aaaaurawanta  ar*  realizable  for  aanaor* 
aowitad  in  tha  fluab  poaltlon  to  th*  0.0234  aa 
racaaa  poaltlon. 

Naaulta  for  the  calibration*  with  tba  aanaor  in 
tba  protruded  poaltlon*  ar*  caaparad  with  th*  fluab 
calibration  in  figure*  4  and  3.  Tha  0.0234  and 
0.0308  protruding  poaltlon*  have  nearly  identical 
calibration  curve*  (f*  vaTL1'3)  M  exwn  in  figure 
4.  However ,  value*  of  deviate  fraa  th*  curve 

for  tba  fluab  poaltlon  by  approxiaataly  108,  which 
alao  corraaponda  to  a  308  error  int  .  It  la 
interacting  to  not*  that  tha  curve  for  tha  0.0308 
aa  protrusion  raaaina  fairly  linear  avan  for  tha 
•sliest  y(3)  value  of  0.021.  Thia  linear 
ralationahip  way  not  hold,  however,  for  othar  than 
fully  developed  flow*. 

Sanaora  protruded  fraa  0.0762  aa  to  0.1778  aa 
have  calibration  curve*  that  deviate  fraa  that  for 
tha  flush  position  by  up  to  138  in  7^1/3  md  538  in 
^1/3  All  curves  in  figure  4  are  reasonably  linear 
except  for  th*  0.1778  aa  protruded  curve  which 
tends  to  b*  non- linear  at  tha  higher  wall  shear 
stress  values.  Tha  0.1778  aa  protruded  curve 


rig  4.  Calibration*  At  Protruded  Noirtinq 
Pool t Ions. 


rig  3.  IMS  Values  At  Protrudad  haunting 
Positions. 


becomes  non-llnssr  at  a  y(5)  value  of  0.030  am, 
ahich  is  ons- sixth  ths  height  of  ths  protrudad 
ssnsor.  Apparently,  ths  llnssr  relationship 
bat assn  ssnsor  hast  transfsr  and  Tw‘/ 3  extends  sail 
bsyond  ths  viscous  st*laysr  ahsthsr  bassd  on  y  a  3 
or  y*  *  12  at  lssst  for  fully  dovslopsd  pips  flos. 
According  to  ths  abovs  rssults  for  ths  0.1771  as 
protrudsd  csss,  th*  curvs  for  ths  0.1270  am 
protrudad  ssnsor  should  bscoss  .ion- llnssr  at 
approalaatsly  y(5)  equal  to  0.021;  howsvar,  this  is 
bsyond  ths  and  of  ths  curvs. 

As  can  bs  assn  in  flgur*  3,  dlffarsncss  in 
Ejgg/C  batassn  ths  0.0234  and  0.0300  as  protrudsd 
rssults  asrs  nagligibls  over  ths  complete 
calibration  range.  ror  a  largo  portion  of  ths 
rang*,  Cfgg/f  r°r  thsa*  tao  teats  ass  approximately 
2 . K  as  eosparsd  to  approxisataly  3.1*  for  ths 
flush  csss.  This  10*  difference  is  nagligibls, 
hoasvsr,  ahsn  considering  ths  Ion  values  of  Crm$/P 
over  th*  coaplsts  rang*.  Ths  0.742,  0.127,  and 
0.1770  am  protrudsd  cases  had  Earns /T  values  that 
deviated  over  a  largo  portion  or  th*  rangs  alth 
differ one**  as  high  as  13*  fra a  th*  flush  position. 
Again,  hoasvsr,  ths  values  of  for  all  curves 

rangs  fros  2.4*  to  3.01,  ahich  era  all  rather  omII 
values.  Ths  value  of  Eims/T  for  each  of  the  curves 
with  th*  three  largest  protrusions  starts  to 
inerssss  sharply  ahsn  ths  viscous  sublayer  height 
at  y*  «  3  reduces  to  approalaatsly  ons-hslf  ths 
protrusion  h*10»t.  If  th*  viscous  **4>lay*e  -height 
is  taken  at  y  *  12,  as  suggested  by  Sroan'2',  than 
th*  curves  bacons  ion- linear  at  the  point  dsrs  ths 
viscous  sublayer  height  is  coaparabl*  to  ssnsor 
protrusion  height. 

Unfortunately,  energy  spectra  nr*  not  obtained 
for  thsss  tsats.  If  they  ear*,  sons  information 
relative  to  the  turbulence  generated  either .by  ths 
cavity  or  th*  protrudsd  ssnsor  could  have  been 
obtained,  for  instance,  th*  frequency  information 


could  bs  used  to  dstsralns  ahsthsr  ths  turbulence 
could  indeed  have  bean  generated  by  ths  cavity  and 
also  provide  aoos  information  on  its  offset  on 
asasurad  burst  frequency. 


IV.  Conclusion 

flush- mount ad  hot- film  veil  shear  stress 
sensor a  can  bs  used  to  accurately  asasurs  asan, 

AM,  and  instantaneous  veil  shear  stress  ahsn 
reasonable  car*  is  taken  in  positioning  ths  sensor 
flush  with  ths  asll.  Ths  optiaua  flush-mounted 
position  is  alth  ths  apanulas  center  of  ths  ssnsor 
being  flush  alth  ths  pips  asll,  ahich  rssults  in 
ths  spanwiae  adgss  of  the  ssnsor  being  race seed. 
Sine*  no  portion  of  th*  ssnsor  protrudes  into  th* 
flos  and,  as  ahoan,  th*  asnaor  calibration  curve 
roaslns  linear  avan  for  vary  mas  11  values  of 
viscous  sublayer  height,  ths  asnaor  can  be  usad  to 
measure  asll  shear  stress  for  floss  having  other 
than  fully  developed  profile*.  Th*  affect  of  th* 
recessed  edges  of  ths  ssnsor  is  nagligibls 
on  ths  valuss  and  consequently  also  on  ths 

instantaneous  asll  shear  stress. 

If  the  ssnsor  is  calibrated  in  one  facility  and 
aovsd  to  another,  ths  tolerance  in  positioning  the 
ssnsor  is  relatively  mas  11,  ranging  from  ths  flush 
position  to  the  0.0234  as  recessed  position. 

Should  the  ssnsor  bs  calibrated  in-aitu  and  should 
ths  flos  conditions  (velocity  profile,  viscous 
sublayer  height,  etc.)  remain  similar  bstassn 
calibration  and  future  tests,  then  th*  sensor  can 
bs  positioned  bstassn  the  0.0234  as  recessed  and 
ths  0.0742  as  protrudsd  position  and  still  have  a 
repeatable  linear  calibration  curve,  however ,  if 
ths  ssnsor  is  protrudsd  substantially  into  th* 
viscous  sublayer,  then  E^j  and  instantaneous  wall 
shear  stress  measurement*  could  have  large  errors. 


»k»twi  are  believed  valid,  although 
fat  MNMMti  on  not  pie  too  and 
on  lapaonal  ooflww  with  o  oioo  dleaeter  eauol  to 
dt  ffaator  toon  J  on  on*  flee  «U  ahoar  oonaaro  up 
to  5.175  m  in  oiaaoter. 


5— part  tat  thie  otudy  *ee  provided  through  the 
(Mercator  Syetaao  Contort  Meaner t,  Abode  lolond. 
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